[image: image1]High-efficiency and wide-angle metasurface electromagnetic energy harvester

		ORIGINAL RESEARCH
published: 13 August 2024
doi: 10.3389/fphy.2024.1423036


[image: image2]
High-efficiency and wide-angle metasurface electromagnetic energy harvester
Anjie Cao1,2, Shuyin Xu2, Yeping Huang2, Leiting Zhang2, Cuijun Liu2 and Zhansheng Chen3*
1Department of Electronic Engineering, Shanghai Jiao Tong University, Shanghai, China
2Shanghai Institute of Satellite Engineering, Shanghai, China
3Shanghai Academy of Spaceflight Technology, Shanghai, China
Edited by:
Jin Zhang, Aalto University, Finland
Reviewed by:
Hsin Yu Yao, National Chung Cheng University, Taiwan
Jun Ding, East China Normal University, China
* Correspondence: Zhansheng Chen, zhansheng.chen@ieee.com
Received: 25 April 2024
Accepted: 01 July 2024
Published: 13 August 2024
Citation: Cao A, Xu S, Huang Y, Zhang L, Liu C and Chen Z (2024) High-efficiency and wide-angle metasurface electromagnetic energy harvester. Front. Phys. 12:1423036. doi: 10.3389/fphy.2024.1423036

In today’s era of increasing energy constraints, harnessing the power of electromagnetic waves and converting them into directly usable energy has great potential in the field of renewable energy. This paper presents a highly efficient electromagnetic energy harvester with wide operation angles based on metasurface. The metasurface unit comprises four rotated copper rings plated on a Rogers RT5880 substrate. This unique design incorporates a 3.6 k[image: image] resistor within each of the four-cornered rotating metal rings, effectively emulating the input impedance circuit of a rectifier. Simulation results reveal that the metasurface achieves a remarkable electromagnetic wave harvesting efficiency of up to 92.3% at a frequency of 5.85 GHz. Additionally, it exhibits polarization insensitivity, enhancing its versatility and suitability for wide incident angles, which augments its practicality in various environments. The proposed metasurface energy harvester represents a significant advancement in electromagnetic energy collection technology, offering an efficient and reliable energy harvesting solution that contributes to addressing energy shortages and is applicable across multiple scenarios.
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1 INTRODUCTION
In the modern technological era, the proficient manipulation of electromagnetic waves holds an ever-growing significance [1–3]. Specifically, the effective absorption and harvesting of electromagnetic energy have gained increasing importance. An energy harvester stands as a pivotal element in wireless power transmission or electromagnetic energy harvesting systems [4–6]. Its fundamental role is to capture direct or ambient electromagnetic wave energy and efficiently transform it into usable DC power [7, 8]. This technology holds immense potential for various renewable energy applications, especially in remote or hard-to-reach areas where a continuous power supply is crucial. Nonetheless, several technical challenges still need to be overcome. Notably, the polarization sensitivity, incident angle sensitivity, and conversion efficiency of current electromagnetic energy harvesters require further development. Addressing these limitations is crucial for the widespread adoption and practicality of electromagnetic energy harvesting systems.
Metamaterials or metasurfaces are artificially structured materials that exhibit extraordinary electromagnetic properties not readily available in conventional materials [9, 10]. [11] proposed that split-ring resonator (SRR)-based metamaterials can have equivalent energy harvesting. [12] demonstrated the viability of wideband ground-backed complementary SRR arrays with significant power conversion efficiency and bandwidth enhancement in comparison to the technology used in current electromagnetic energy harvesting systems. [13] reported a metamaterial with polarization-insensitive, wide-angle, and considerably high harvesting efficiency operating in triple bands. [14] proposed a metasurface device consisting of four identical omega ring resonators for achieving a harvesting efficiency of up to 93.1% under normal incidence. [15] proposed a metasurface harvester using a single band via to realize polarization-insensitive characteristics, which can achieve a maximum harvesting efficiency of up to 88% at 5.8 GHz. [13] demonstrated a tri-band, polarization-insensitive, and wide-angle metamaterial array for electromagnetic energy harvesting, achieving the highest harvesting efficiency of 87%, which is relatively lower than the efficiency reported in our work. Most recently, [16] reported a dual-band metasurface array capable of simultaneous electromagnetic energy harvesting and wireless power transfer. Despite the reasonable effort devoted to this field, there is still a high demand for a metasurface harvester with high efficiency, polarization insensitivity, and angle stability.
In this paper, we introduce a high-performance metasurface specifically designed for electromagnetic energy harvesting in the microwave regime. Utilizing a unique four-fold rotational configuration, this metasurface not only achieves almost perfect absorption but also effectively transfers the absorbed energy to resistive loads. These resistive loads serve as a simplified model for the input impedance of a rectifier circuit, which can be seamlessly attached to each cell of the metasurface. The key advantage of this design lies in its ability to maintain enhanced electromagnetic energy harvesting efficiency over a wide incident angle, regardless of the polarization states of the incident wave. This flexibility and efficiency make our metasurface a promising candidate for various energy harvesting applications, where reliable and continuous energy supply is crucial.
2 DESIGN OF THE METASURFACE HARVESTER
The metasurface harvester configuration under consideration is shown in Figure 1. Such a metasurface consists of a four-fold rotational copper ring plated on a thick Rogers RT5880 substrate having a permittivity of [image: image]. There are four vias in the four corners of the rotational metallic ring. The induced currents on the metasurface are channeled by these vias, which pass through the substrate to the ground plane connected with four resistive loads. The resistive load value is optimized to achieve impedance matching for maximum harvesting efficiency. In our case, it is taken as 3.6 k[image: image]. Copper has an electric conductivity of [image: image] S/m, and its thickness is 35 [image: image]m.
[image: Figure 1]FIGURE 1 | Four-fold rotational metasurface harvester schematic: (A) top view and (B) lateral view.
The electromagnetic performance of the metasurface is numerically studied using the commercial software CST Microwave Studio. Unit cell boundaries are applied in the [image: image] and [image: image] directions, and open boundaries are added to the [image: image] direction in our simulation. It is assumed that the incident electromagnetic wave propagates from the [image: image] direction normally upon the metasurface harvester. For the purpose of achieving the maximum harvesting efficiency, the optimized dimensions of the metasurface are obtained: [image: image] mm, [image: image] mm, [image: image] mm, [image: image] mm, [image: image] mm, and [image: image] mm.
3 NUMERICAL RESULTS
Since the transmission is mostly blocked by the thick ground plane, the electromagnetic absorption can be directly calculated from the reflection coefficient, expressed by Eq. 1,
[image: image]
Figure 2 shows the simulation results of reflection, transmission, and absorption at normal incidence. Reflection minimization is achieved by adjusting the physical parameters of the metasurface to match its effective impedance to the effective impedance of free space. The simulation results show that the electromagnetic wave is almost completely absorbed near the frequency of 5.85 GHz. The harvesting efficiency of the meta-harvester is expressed by Eq. 2,
[image: image]
where [image: image] is the total time-average power depleted on the resistive loads and [image: image] is the total time-average power incident on the metasurface. The metasurface was excited by the Floquet port with two modes of TE and TM polarizations at the top boundary, providing a total incident power of 0.5 W on every unit cell. The two modes correspond to a plane wave with the electric component perpendicular to the [image: image] and [image: image] planes, respectively.In order to study the distribution of energy dissipation in the metasurface harvester, we computed the losses of the dielectric substrate, the resistive load, and the metal ground by electromagnetic simulation. Figure 3 shows that the energy dissipation in the resistive load accounts for the majority of the total incident energy near the resonant frequency. In other words, our metasurface harvester can effectively collect most of the incident electromagnetic energy. The peak efficiency is as high as 92.3%.
[image: Figure 2]FIGURE 2 | Simulated reflection, transmission, and absorption of the metasurface harvester at normal incidence.
[image: Figure 3]FIGURE 3 | Losses in the dielectric substrate, resistive loads, and metal ground.
The angle stability of different polarization angles under normal incidence is further analyzed. As shown in Figure 4, the metamaterial device exhibits stable energy harvesting characteristics despite the change in the polarization angle of the incident wave.Moreover, the absorption and harvesting efficiency performance of the metasurface harvester under oblique incidence are further analyzed. In Figure 5, we can observe that the absorption of the metasurface exhibits stable energy harvesting characteristics despite the change in the polarization angle. We can see that, for the case of TE incidence, the absorption curves are close to 100% below [image: image] at 5.85 GHz. When incidence exceeds [image: image], the absorption starts decreasing. However, it has only a weak attenuation and remains higher than 80% when the incidence is [image: image]. For TM incidence, the absorption is almost 100% from 0 to [image: image] at 5.85 GHz. Both the TE and TM results show that the proposed metasurface harvester has good absorption performance for a wide angle of incidence, so it can be more effective in achieving maximum harvest efficiency.
[image: Figure 4]FIGURE 4 | Simulated harvesting efficiency for different polarization angles under normal incidence.
[image: Figure 5]FIGURE 5 | Absorption spectra of the metasurface harvester for oblique incidence waves, with the incident angle ranging from 0 to [image: image]. (A) TE mode and (B) TM mode.
The energy harvesting efficiency is studied under oblique incidence for both TE and TM polarizations, as shown in Figure 6. It is observed that with the oblique incident angle up to [image: image], the harvesting efficiency is always maintained at a high level of approximately 90% for the TE mode, and the maximum harvest efficiency is 92.2% at 5.85 GHz. When the incident angle increases to [image: image], the harvesting efficiency is still higher than 75.3%. In the case of TM incidence, it is also observed that the resonance at approximately 5.85 GHz is not affected significantly by the increase in the incident angle, and the maximum harvest efficiency is 92.3% at 5.85 GHz. The harvesting efficiency is always higher than 90%. Both the TE and TM results show that the proposed metasurface harvester has good harvesting performance for a wide angle of incidence. It is worth noting that the losses in the dielectric substrate, resistive loads, and metal ground are numerically calculated by CST Microwave Studio. The soft package could directly calculate all the energy losses in the different materials built into the CST model. The resistor embedded in the structure serves as the actual load on the electromagnetic energy harvesting system to consume the collected wireless energy.
[image: Figure 6]FIGURE 6 | Harvest efficiency of the metasurface harvester for oblique incidence waves, with the incident angle ranging from 0 to [image: image]. (A) TE mode and (B) TM mode.
In order to explain the physical mechanism of perfect harvesting, the surface current of the unit cell was studied. We assume that the incident plane wave is a linearly polarized wave that is incident perpendicularly, and its electric component is along the [image: image] axis. The current intensity on the top surface determines the absorption efficiency. As shown in Figure 7A, it can be seen that the surface current (black arrow) of the top passes from one via to the other via on the same side, and the current intensity on the inner side of the metasurface harvester is stronger. As shown in Figure 7B, the current flows between the two vias on the same side on the back. Therefore, the entire metasurface harvester forms two complete circuits so that the maximum absorption can be achieved by the equivalent resistance of the entire harvester matching that of the free space. Therefore, losses are mostly dissipated in the resistive loads. It is worth noting that effective permeability and permittivity spectra [17] or the multipole expansion method [18] are also generally used for analyzing the resonance modes of metamaterials or metasurfaces but are not discussed in this paper.
[image: Figure 7]FIGURE 7 | Surface current on the top (A) and the bottom surfaces (B) of the unit cell at 5.85 GHz.
Table 1 shows the comparison of the proposed design with that in other reported works. As we can see, the proposed design in this paper shows the highest harvesting efficiency, along with the merits of polarization insensitivity and angle stability, which are highly demanded for practical applications. As a final remark, it is worth noting that, although the metasurface energy harvester in this paper is designed for operating at microwave frequencies, a similar concept could also be extended to THz or optical frequencies by exploring the design of metasurface absorbers [17, 19].
TABLE 1 | Comparison of the proposed design with that in other works.
[image: Table 1]4 CONCLUSION
In conclusion, this paper has introduced a high-performance metasurface energy harvester tailored for electromagnetic energy harvesting. Leveraging the full absorption concept, we have designed a metasurface harvester that boasts a remarkable harvesting efficiency of up to 92.3% at a frequency of 5.85 GHz. This innovative design not only offers exceptional efficiency but also demonstrates polarization independence and a wide-angle incident frequency response, ensuring robust harvesting characteristics across various conditions. The metasurface harvester’s ability to perform efficiently, regardless of polarization or angle of incidence, makes it a versatile and reliable solution for electromagnetic energy harvesting, paving the way for advanced energy-harvesting technologies in the future. This design represents a significant step forward in the field of energy harvesting, opening up new possibilities for sustainable and efficient energy solutions.
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